ABSTRACT
To facilitate the dismantling and disposal of contaminated equipment, the Bechtel Jacobs Company is evaluating the possibility of filling the cavities of pipes and parts using an impervious urethane foam to restrict the mobility of the contaminants. Samples of the urethane foam were irradiated using the Oak Ridge National Laboratory 60 Co irradiator to a dose equivalent to that expected to be accumulated in 1000 years for both alpha and gamma radiation. Property measurements were performed on the urethane foam samples before and after irradiation. Additionally, gas generation from the foam was monitored during irradiation and the accumulated head-space gases analyzed at the end.
The overall conclusion from the irradiation and testing is that the foam did not suffer any significant degradation during the gamma irradiation equivalent to a "1000-year alpha and gamma dose" on the entire volume of the specimen and that the gas generation was minimal. Xl
INTRODUCTION
To facilitate the dismantling and disposal of contaminated equipment, the Bechtel Jacobs Company (BJC) is evaluating the possibility of filling the cavities of pipes and pieces using an impervious urethane foam to restrict the mobility of the contaminants. Subsequently the infiltrated pipes and parts will be sent to a sub-surface repository for disposal. For this purpose, the long-term stability and durability of the foam needs to be investigated. One of the important aspects to be analyzed is the possible radiolytic degradation of the urethane foam.
The K25/27 process pipe is assumed to have 2 g of 235 U distributed uniformly over the inner surface of an 18-inch length of 8-inch-diam pipe. The pipe is assumed to be stainless steel with a wall thiclmess of 0.22 in. The pipe was to be filled with polyurethane foam at 3.5 lb/ft 3 • Samples of the urethane foam were irradiated with gamma radiation to evaluate the degradation.
Property measurements were performed before and after irradiation. Additionally, gas generation from the foam during irradiation was measured. The material was irradiated, using the Oak Ridge National Laboratory (ORNL) 60 Co irradiator, to a dose equivalent to that expected to be generated by the presence of the uranium contamination during a period of 1000 years. Most of the radiation dose from the uranium will be in the form of alpha particles reaching only the outer skin layer. Therefore, the surface of the polyurethane foam will absorb a much higher dose than the bulk of the sample. Accordingly, most of the radiation damage will be confined to the surface of the polyurethane in close proximity to the uranium contamination.
The penetrating gamma rays from 60 Co will reach the entire volume of the foam sample. To evaluate the radiation damage to the polyurethane surface, the entire sample was irradiated at the higher level of exposure that otherwise would be experienced only by the outer surface. Obviously, this is a very conservative test, and positive results should give a significant degree of confidence regarding the radiation stability of the polyurethane foam. A more realistic description of the radiation effects can be construed from the irradiation tests by envisioning a core of lightly irradiated foam surrounded by a thin skin of the more heavily irradiated material.
DOSE AND RESIDENCE TIME CALCULATIONS
To proceed with the execution of the projected scope, the first steps were to calculate the amount of dose imparted to the polyurethane by uranium contamination during a span of 1000 years, and the residence time in the 60 Co irradiator to impart an alpha equivalent dose.
SUMMARY OF DOSE AND RESIDENCE TIME CALCULATIONS EQUIVALENT TO 1000 YEARS EXPOSURE
As previously indicated, the K25/27 process pipe is assumed to have 2 g of 235 U distributed uniformly on the inner surface over an 18-in. length of 8-in.-diam pipe. The pipe is assumed to be stainless steel with a wall thickness of0.22 in. The pipe is to be filled with polyurethane foam at 3.5 lb/ft?. Samples of the urethane foam will be irradiated with gamma radiation to evaluate the degradation at a level equivalent to that expected to be generated by the presence of the uranium contamination during a period of 1000 years.
The calculated 1000-year alpha dose to the polyurethane is 2.56 x 10 7 rad, and it will affect only a very thin layer at the surface of the polyurethane foam. The 1000-year gamma dose to the polyurethane is 324 rad as an average over the volume of material.
The penetrating gamma rays from 60 Co will reach the entire volume of the foam sample; so the whole sample, and not just the surface, will be irradiated at the 1 000-year alpha dose of 2.56 x 10 7 rad. The residence time calculations showed that the 1000-year alpha dose equivalent will require 24.2 days of irradiation at the ORNL 60 Co irradiator. The equivalent gamma dose requires only 26.5 sand in practice can be neglected. The detailed calculations are shown in Sects. 2.2 and 2.3.
DOSE CALCULATIONS
To determine the alpha dose to the foam, the 235 U alpha energies and corresponding fractions were taken from ref. 1. The inner surface area (IS A) of the pipe is given by 2 1r r I; where r is the inner radius of the pipe (4 in. minus wall thickness) and I is the length of the pipe: 
..
For the inner pipe surface, the contribution to the total energy rate from each alpha energy is shown in Consequently, the alpha dose of2.558 x 10 7 rad would take 2.558 x 10 7 rad + 43,970.75 radlh = 581.75 h or about 24.24 days to obtain. Similarly, the gamma dose of324.12 rad would take 324.12 rad + 43,970.75 radlh = 7.37 x 10-3 h, or about 26.5 seconds to obtain.
EXPERIMENTAL
The experimental program was divided into three distinct activities: sample irradiation, analysis of the head space gases after the irradiation, and polyurethane foam characterization before and after irradiation. The top of the container has two stainless steel Nupro® valves that allow the container to be connected to a pressure transducer and allow sampling of the head space. As shown in Fig. 3.3 , the top of the container has a metal 0-ring integrated to the body. This 0-ring is slightly larger than the internal diameter of the bottom part. In order to close the container, the top is cooled with liquid nitrogen so the metal will contract. In this "cold" state, the top fits loosely inside the bottom part. However, once the top part is allowed to warm at room temperature, the metal 0-ring expands, making a metal-to-metal highintegrity seal. To open the container, the process is reversed. After sample loading and sealing, the vessel was leak tested with air at a pressure of 30 Psig. 
ANALYSIS OF THE HEAD SPACE GASES AFTER THE IRRADIATION
At the end of the irradiation, the vessel containing the sample was removed from the irradiation cavity.
The valve connected to the pressure transducer was closed and the tubing disconnected. The valve was then capped using a Swagelok plug, and the container was shipped to MCL, Inc., for analysis of the head space gases by mass spectrometry and gas chromatography. 
PRE-AND POST-IRRADIATION SAMPLE CHARACTERIZATION
At completion of the head space gas analysis, the vessel containing the sample was returned to ORNL for the post-irradiation sample testing. The three remaining specimens, of the four originally received, were used to determine the properties of the unirradiated samples and to make comparisons to the irradiated specimen. The property measurements included compressive strength, density, porosity, and visual and microscopic examination.
An Ultrapycnometer Model 1000 manufactured by Quantachrome Corporation was used to determine the pycnometric densities and connected porosities of polyurethane samples before and after irradiation.
An Olympus optical microscope with a Moticam2000 camera interfaced to a PC with Motic Images software was used for the visual evaluation of the specimens. Scanning electron microscopy (SEM) images were also obtained from unirradiated and irradiated specimens to search for any structural differences that could be attributed to radiation damage.
RESULTS AND DISCUSSION

IRRADIATION MONITORING
Pressure within the sample and the temperature of the container were monitored throughout the irradiation; the pressure data are shown in Fig. 4.1 . The temperature inside the irradiator fluctuated with the room temperature between a minimum of21.0°C and a maximum of23.7°C. As shown, the pressure on the head space remained mostly stable for the first 5 days, slightly diminished during the following 5 days, and then remained somewhat stable for the remainder of the irradiation. Note that the initial pressure represents that of the radiological facility (Building 450 1) that houses the irradiator and that the pressure in the building is maintained below atmospheric pressure for radiological containment purposes.
The main conclusion from the monitoring of the pressure of the head space is that the gamma irradiation of the urethane sample was not followed by any significant generation of gaseous species. The 
HEAD SPACE GAS ANALYSIS
After irradiation, the container was under a slight vacuum. To proceed with the sampling of the head space gases, a quantity of krypton was added to slightly pressurize the vessel. The contents of the sample chamber were then vented to a Tedlar sampling bag.
Complementary analysis of the head space gases was accomplished using a combination of gas chromatography and mass spectrometry.
Summary of Results
Mass spectrometry ofthe irradiated foam atmosphere showed that the concentration of nitrogen and oxygen had decreased and that the concentration of water and carbon dioxide had increased with respect to the initial air. From the relative abundance, the molar concentrations were determined to be N 2 = 52.66%, 0 2 = 4.05%, H 2 0 = 28.52%, and C0 2 = 10.26%. These calculated concentrations assume that there were no other contributions to the parent mass-to-charge values for nitrogen, oxygen, water, and carbon dioxide.
The water concentration calculated by attributing the mass value of 18 was much greater than saturation at room temperature, but no liquid water was evident during sampling. Since dry krypton gas was used for sampling, some of the water may have been transported by the krypton from the surface of the foam; however, the value is still higher than expected. It is highly plausible that another species with mass 18 is present (e.g., NH/).
Gas chromatography confirmed the presence of nitrogen, carbon dioxide, and hydrogen in the irradiated foam atmosphere. The concentrations were determined to be N 2 = 53.97%, C0 2 = 8.36 %. and H 2 = 1.48%. Other species like water were not detectable given the chromatographic conditions used. The agreement between mass spectrometry and gas chromatography is quite reasonable. 5 ..
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Analysis of Gas Sample by Mass Spectrometry
The sample was drawn into a Hewlett Packard 5989A mass spectrometer at a rate of 5 cc/min. A mass spectrum was obtained on the diluted, irradiated foam atmosphere from 3 to 80 amu using 70 eV ionization potential. Laboratory room air in a Tedlar bag was used as a reference sample because this was the original atmosphere before irradiation. and composition assignments.
Note that because of the limitation of the instrument, it was not possible to scan below 3 amu and detect hydrogen in a reproducible fashion. In addition, since nitrogen and carbon monoxide have the same nominal mass-to-charge ratio, we were not able to differentiate between nitrogen and carbon monoxide;
hence, we have reported the mass-to-charge value at 28 as nitrogen only. However, since carbon monoxide was not detected in the gas chromatography work, the previous assumption is quite reasonable.
Quantification of the major components in Tables 4.1 and 4.2 was accomplished using the relative abundance data and argon as the internal standard. The high calculated water concentration suggests that there may be an additional contribution to the rn/e value of 18 (e.g., NH/) because at 26°C and 100% relative humidity, the mole percentage in air should not exceed 3.3%. No liquid water was evident when the foam atmosphere was sampled. Humidity impregnated in the foam may have been carried out by the injection of dry krypton, but the value for mass 18 is still somewhat too high.
The mass spectrum of the irradiated foam atmosphere also showed several additional compounds or fragments at mass-to-charge ratios of 51 , 64, and 69. These signals are not consistent with the parent or With the decrease in nitrogen in the foam atmosphere, nitrogen containing carbon compounds are likely; however, additional work will be required for complete identification.
Analysis of Gas Sample by Gas Chromatography
An Antek 3000 gas chromatograph with a Supelco 100/120 HayeSep D column was used to analyze the krypton-diluted, irradiated foam atmosphere. Argon was used as the carrier, and a thermal conductivity detector was used with a WINDAQ data acquisition computer interface. The chromatographic conditions are listed in Table 4 .4.
The sample was pushed from a Tedlar sample bag through a 1.2-cc sample loop and then injected (standards were loaded from the appropriate gas cylinder into the sample loop). The program and data acquisition were then started. (Table 4. 3), and water was not evident because of the chromatographic conditions.
By integration, the quantity of the krypton was determined to be 80.94% in the sample bag. This value was used to correct the calculated percentages from peak integration. Table 4 .5 summarizes the results.
The nitrogen was determined to be 53.97%, in excellent agreement with the 52.66% calculated from the relative abundance data from the mass spectra work. The carbon dioxide was determined to be 8.36%, slightly less than the 10.26% calculated from the mass spectra work. Note that hydrogen was present with a calculated value of 1.48%. No other peaks were detected. 
PYCNOMETRIC DETERMINATION OF DENSITIES AND POROSITIES
An Ultrapycnometer 1000 manufactured by Quantachrome Corporation was used to determine the pycnometric densities and connected porosities of polyurethane samples before and after irradiation. Given the random nature of the polyurethane foam that includes some relatively large bubbles in the porous structure, the determinations of densities and porosities fluctuated somewhat from sample to sample.
Several samples were cored from the unirradiated and irradiated specimens using a cork boring tool.
The pycnometric measurements are based on the expansion of ultrapure nitrogen gas between two calibrated chambers with and without the samples. This volume expansion is a function of the porosity present in the sample that can be reached by nitrogen gas during the equilibration time of a few minutes.
The microporosity not accessible to nitrogen will behave as solid volume for this technique. The results of the measurements are shown in Table 4 .6. The sample dimensions are the average of at least five determinations using a caliper and minimizing the compression of the foam. As shown in Table 4 .6, there is essentially no difference between the unirradiated samples and a preliminary sample irradiated for 5 days. There is, however, a significant difference for the actual sample irradiated for 25 days. The microscopic analysis of the samples described in Sect. 4.5, both optical and SEM, show very little difference between irradiated and unirradiated samples. The apparent conclusion is that the radiation damage slightly increases the size of the microporous structure so as to make it more accessible to nitrogen.
Of all the properties, the connected porosity appears to be the most sensitive to irradiation.
COMPRESSIVE STRENGTH DETERMINATIONS
The irradiated sample (3.5-in. diam., 4-in. long) and an "as-received" unirradiated one (3.5-in. diam . 
•
VISUAL AND MICROSCOPIC EXAMINATION OF UNIRRADIATED AND IRRADIATED SAMPLES
As shown in Fig. 4 .7, the irradiated sample is more yellow than the unirradiated one. Otherwise, there was no clear effect of irradiation on the bulk macro structure; however, it was noted that the irradiated sample was more brittle when being cut.
Optical Microscopy
Specimens from the irradiated and unirradiated polyurethane foam were both examined under an Olympus optical microscope with a Moticam2000 camera interfaced to a PC with Motic Images software.
The camera contrast, brightness, and other parameters were adjusted when viewing the reference foam sample and kept constant when viewing the irradiated sample. Photographs of the flat top surface or exposed surface (irradiated sample) were obtained at 120x magnification for both samples (Figs. 4.8 and 4.9). Because of the random bubble pockets within the samples, comparison was difficult; but the irradiated sample appears to have more damaged foam pockets on the top surface.
The bulk material was then examined by cutting and pulling each sample in half. Figure 4 .10 shows a typical photo of the bulk irradiated material. It is evident in this photo that the foam pockets appear not to be damaged and that there was no clear effect of the irradiation on the bulk macro structure; however, it was noted that the irradiated sample was more brittle when being cut. 20 •• ..
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• .. (Fig. 4 .11) and unirradiated samples ( Fig. 4.12 ). All magnifications are SOx. In all cases, the foam cells are intact and no gross damage or differences are observed for the irradiated sample relative to the unirradiated one. An irradiation and testing campaign was conducted to ascertain the stability and durability of the foam with respect to the radiation emitted by uranium that is expected to be present as a contaminant on the inner surfaces. It was assumed the maximum level of contamination expected was 2 g of 235 U distributed uniformly on the inner surface over an 18-in. length of 8-in.-diam pipe.
Samples of the urethane foam were irradiated using the ORNL 60 Co irradiator to a dose equivalent to that expected to be accumulated in 1000 years for both alpha and gamma radiation from the uranium contamination. Most ofthe radiation dose from the uranium will be in the form of alpha particles reaching only the outer skin layer. Therefore, the surface of the polyurethane foam will absorb a much higher dose than the bulk of the sample, and most of the radiation damage will be confmed to the surface.
The penetrating gamma rays from 60 Co will reach the entire volume of the foam sample. To evaluate the radiation damage to the polyurethane surface, the entire sample was irradiated at the higher level of exposure typical of the surface. Obviously, this was a very conservative approach and should give a significant degree of confidence regarding the radiation stability of the polyurethane foam.
Property measurements were performed on the urethane foam samples before and after irradiation.
Additionally, gas generation from the foam was monitored during irradiation and the head-space gases analyzed at the end. The properties measured included compressive strength, density, and porosity. Visual and microscopic examination were employed.
The overall conclusion from the irradiation and testing is that the foam did not suffer any significant degradation during the gamma irradiation equivalent to a "1000-year alpha and gamma dose" on the entire volume of the specimen and that gas generation was minimal.
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